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ABSTRACT 
Hot-dip gal vanneal is used in the automobile industry 
because it enhances-corrosion resistanc~ against acid rain and 
de-icing salts. The fully alloyed zinc-iron coating ~ffers 
reduced corrosion rates, improved corrosion resistanc~ after 
painting, and better welding properties over galvanized sheet. 
In this investigation commercial and Gleeble generated 
galvanneal were evaluated. Results show that for the 
commercial galvanneal, the cracking mechanism in bending is 
specific to the applied stress condition. In a coating 
experiencing a tensile stre~s condition, cracks nucleate and 
propagate perpendicular to app.lied stress and the 
coating/substrate interface. During the application of 
compressive stresses in bending, cracks propagate at specific 
angles in the coating and as a result coating particles in the 
shape of wedges separate from the substrate. 
For the Gleeble generated material, five substrates, two 
aluminum bath levels, 0.10 wt.% and 0.15 wt.%, and several 
galvannealing times and temperatures were tested. Three 
morphologies, Type O, an unallbyed coating containing eta on 
the surfa.ce, Type 1, a fully alloyed coating containing a 
mixed pha_se region and a • • minimum gamma layer at the 
coating/substrate interface, and Type 2, a full alloyed 
coating containing a distinct gamma phase, a large apparent 
d_el ta phase and perpendicular cracks, were evaluated in a 
variety of bend tests. Specimens were taped then deformed in 
1 
bending. The tape was examined on a spectrophotometer in 
which light absorption was measured. Results indicate that 
although the Type 1 morphology and Type 2 morphology are both 
fully alloyed coatings, the Type 1 morphology performed better 
than Type 2 morphology in all compressive powdering tests. 
Also for the Typ~ 2 morphology, the compressive stress 
condition was more detrimental to coating adhesion than the 
tensile stress condition and that in compression approximately 
80% of powdering in galvannealed coatings was caused from die 
interaction in the bend test. In the commercial gal vanneal ,. 
classified as Type 2 morphology, different substrate materials 
and a range of coating iron contents performed similarly 
during 60° bend testing in both tension and compression. 
After testing Type o, Type 1 and Type 2 morphologies. for 
five substrates and two aluminum bath levels, the results 
indicate that powdering is directly dependent on morphology. 
Processing variables and composition (bath and alloy) control 
the kinetics and define the morphology,. how~ver, it 
. 
1S 
morphology that dictates the powdering dharacteristics. 
2 
I. INTRODUCTION 
Zinc coated steel sheet is used e~tensively in automobile 
applications due to the increased . corrosion resistance 
requirements placed on car manufactures in the past decade. 
Pressures are seen fro~ the government, consu~ers, marketing 
personnel and competitors (1-4) and as a result, manufacturers 
are competing with 10-10-5 warranties (1,5) (i.e. 10 years 
without perforation corrosion in exterior body panels, 10 
years without perforation . corrosion . in . inner panels and 
underbody parts, and 5 years without exterior cosmetic 
corrosion). Zinc-coated sheet enhances the protection against 
these types of corrosion which are caused by de-icing s~lts 
and acid rain. When coupled with steel, zinc acts as the 
sacrificial anode offering protection to the steel substrate. 
Zinc being the more reactive metal preferentially corrodes 
when subjected to an aggressive environment (6). 
Galvanneal, a fully alloyed zinc-iron coating, has many 
advantag~s over galvanized coatings, an essentially pure zinc 
phase layer. These advantages include: reduced • corrosion 
rates and superior corrosion potentials (7), improved 
corrosion resistance after paint.ing, enhanced surface for 
_painting ( 8) and impr_oved spot welding properties ( 3, 4, 7) • 
Galvannealed sheet also displays improved resistance to stone 
impacts (9). 
Zinc-Iron alloyed sheet may also be more cost-effective 
than conventional pure zinc coated sheet even though an 
3 
additional annealing step is required. Galvartnealed products 
maintain reduced corrosion rates compared to g~lvanized sheets 
(8) and electrode life during welding is ptolonged by 
approximately 5.5 times over pure zinc coatings of identical 
thickness (7,9). 
Conversely, galvannealed products have some 
disadvantageous qualities. As the coating weight . lS 
increased, the formability of the alloy layer tends to 
deteriorate. During press-forming operations, the coating can 
powder or flake which not only 
process and causes defects . 1.n 
ac~elerates 
the surface 
the 
of 
. corrosion 
the final 
product, but the adherence of the flakes to the dies can cause 
(i) galling on subsequent parts or (i.i) da~age to the dies, 
themselves (3,4). 
The objective of this research was to evaluate the effect 
of coating phase formation on powdering properties. In order 
to understand and improve these properties, microstructure and 
phase morpho1ogy was studied. The substrate material, 
aluminum bath content, and annealing times and temperatures 
are factors that ciictate variations in microstructure and 
morphology, which subsequently affect coating formability. 
Relationships between these variables and coating morphology, 
microstructure a·nct powdering were made to determine the 
optimum galvannealed coating. 
4 
Ii:. LITERATURE REVIEW 
The demand for coated sheet in automotive applications is 
seen worldwide. In North America coated sheet shipments have 
risen from approximately 1.25 million tons in 1982 to 4.5 
million tons in 1988, Figure I·I.1 (10). This trend is also 
apparent in Japan, Western Europe and Germany. The J-apanese 
coated sheet demand has risen from 0.5 million ton$/year to 
2. 7 million tons/year between 1977 anq 1987 ( 2). Western 
European countries have increased the production· of zinc and 
ZnFe alloy coatings from approximately 5. 7 million tons in 
1983 to about 8.3 million tons in 1989 (11). Similarly, the 
German demand for coated sheet has risen from 8% to 49% of 
total sheet production between 1978 and 1986 (9). In i990, 
the United States and. Japan combined produce approximately 5. 2 
million tons per year of hot-dip products for the automotive 
industry (12). 
To produce of ·hot-dip galvanneal, an additional step to 
the galvanizing process, annealing, is required. During 
galvanizing, the steel sheet is dipped into a molten . zinc 
bath. The elements contained in the bath, the zinc bath 
temperature, and the immersion time in the pot all influence 
the formation. of the zinc-iron alloy layer at the 
coating/substrate interface. Upon departure ·from the bath, 
the sheet is heated for a time sufficient to ful~y alloy the 
free-zinc coating. Annealing occurs in the temperature range 
of 400-600°b and allows for the diffusion of iron from the 
5 
substrate into the zinc coating, which promotes the growth of 
several .intermetallic layers. The tim~ and temperature that 
the coating is heated dictates the growth of the alloy phases 
and subsequently the formability of the coating. The 
compounds produced provide strong diffusion bonds between the 
coating and the substrate metal. 
In automobile applications, hot-dip galyannealed coating 
weights are ·between 4~-100 g/~2 and the co~ting thickness is 
approximately 7-10 µm. Several investig~tors (4,13,14) feel 
that for good coating properties the critical coating iron 
content ranges between 9-11 wt.%Fe. Figure II.2 illustrates 
a fully alloyed zinc~iron coating containing several 
intermetallic layers. A possible phase combination in this 
·coating . lS a thin gamma layer at the coating/substrate 
interface, adjacent to a columnar delta phase, and on the 
coating surface a mixed zeta/delta phase. (Due to coating 
thickness and X-ray pattern complexity exact phase 
constitution is difficult). The coating properties· are 
influenc~d by the coating morphology·, coating thickness and 
phase distribution. 
The galvannealing process must be controlled to provide 
an optimum coating, which is metallurgically stable without 
sacrificing production rates. The fc;:>llowing section 
summarizes the zinc·-iron phase formation, kinetics and 
alloying rates of the galvannealed layer. The most current 
l'i terature relating to factors· affecting co·ating formability, 
6 
ancJ met h ods to form and evaluate coating properties a r e a l s o 
dis c ussed. 
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Figure II.1: Coated steel shipments to automotive and 
construction markets by North American steels mills (Ref. 10]. 
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hot-dip Zinc-Iron alloyed 
II.l. COATING PHASE FORMATION 
The interactions between iron and . zinc, like other 
meta1·s, proceed toward thermodynamic equilibrium (15). The 
presently acc~pted Zinc-Iron phase bin~ry diagram . 15 
illustrated in Figure II. 3 ( 16) . Upon liquid solidification, 
two regions of homogeneous melting, an iron~rich melt and a 
zinc-rich melt form due to zinc's relatively low melting 
point. This study is· concerned with. the zinc-rich portion of 
the phase diagram, Figure II. 4-. Upon cooling, four 
intermetallic phases are thought to form from an essentially 
pure zinc liquid in the following sequence: the zinc-rich zeta 
phase layer forms first on the base steel followed by the 
rapid formation of the delta layer and the gamma layers, 
respectively (15,-17,18.). Figure rr.5· iliustrates a coating 
containing the different phase microstructures, and Table II.l 
summarizes some of the properties of each phase (15,19-25). 
Understanding the reactions between iron and zinc is 
essential for developing a high performance galvannealed 
sheet. The structure and composition of the coating and the 
speed at which the steel is galvanized or attacked by the 
molten zinc is determined by these reactions (17,26). The 
thickness and constituents of the alloyed layer depends on 
different variables including: steel grade and steel entry 
temperature into the zinc bath, immersion time, zinc bath 
temperature 
temperature. 
and composition, and annea·ling time and 
The constitution and structure of the zinc-iron 
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Push rod 
Push rod 
Figure II.5: Effect of applied pressure, microstructure layers produced during reaction and Zn(l) at 501°C (Ref. 26). 
PHASE ,ORMULA CRYST Al MICROHARDNESS 
STRUCTURE VALUE 
(l(Q/11112)' 
Tl Zn(Fe) HCP 52 
~ FtZn13 Monocllnlc 208 
l) FtZn7 Hexagonal 358 
r1 FeZn4 FCC 505 
r Ft3Zn1 O BCC 326 
a Ft(Zn) BCC 104 
• Reference 25. 
500 KPa, on 
between Fe(s) 
Table II.1: Various phases in the Zn-Fe system. 
10 
coating can vary considerably during the galvanizing reaction. 
Hot-dip galvann~aleq sheet requires good coating adhesion so 
that the coating does not fail during press-forming 
operations. To produce quality bonding between the coating 
and substrate, the coating must be marginally alloyed, which 
is defined as (27) heat treating the coating for a time 
sufficient to convert the free zinc on the surface into an 
zinc-iron intermetallic and yet a time short enough so that 
the coating does not become overly brittle, Figure II.6 (28). 
Parameters effecting alloying rate have bean studied (29) in 
the kinetics part of the research effort at Lehigh University. 
Specifically, the effects of steel grade, aluminum level in 
the zinc bath and galvannealing time and temperature, have 
been evaluated. The curve for complete alloying in Figure 
IT. 6 changes with altering processing parameters. The pre$ent 
research effort primarily focuses on the formability and 
powdering properties of galvannealed sheet. 
literature in this area is discussed below. 
II.2. FORMABILITY 
The relevant 
During sheet metal farming, some operations such as 
bending may be quite .simple, while others like biaxial 
stretching or a combination of different forming operations 
may be very complex. Figure II. 7 illustrates different 
forming combinations that a sheet may experience during 
manufacturing (30). Types of forming include: bending, 
11 
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galvannealed coatings (Ref. 28]. 
I 
. I 
DI 
I 
I 
.) 
/ 
fa'\_ /t......-----,, 
B+ p - ~ 
I 
. I 
B+U+P-10 
I 
fl+ P I 
. ) 
/ 
I 
I 
I . 
I 
l_ 
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30]. 
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biaxial stretching, drawing, plane-strain str~tching and 
unbending. Forming operations are so diverse and complex, 
that no one test can accurately indicate the sheet formability 
in all stress states~ Understanding the materials properties 
and stress states involved during forming are crucial for 
determining sheet forming success probabilities and obtaining 
the most efficient means of forming (30). 
II.2.1 FORMABILITY OF STEEL SHEET 
The principle factors which affect galvannea·1 sheet 
formability are: the substrate chemistry and gauge, coating 
composition, and strain condition involved during forming 
operations. Several test methods are used to evaluate sheet 
formability. These include: plane strain, stretch and draw 
testing (30,31). During. forming operations involving large 
amounts of deformation and relative motion between. the sheet 
and die, formability of coated sheet is inferior to steel 
sheet (31) due to either the brittle intermetallics contained 
in the coating or to enhanced friction between the coating and 
dies. 
Plane strain deformation can be evaluated through t~sts 
involving: forming limit diagrams (FLDs), limiting dome 
height evaluations (LDH) and angular stretch-bend analysis. 
The FLD reveals the strain ·state at the onset of neckin9. The 
LDH. test, like the FLD, indicates the strain state at the 
onset of necking however this test also incorporates the 
13 
strain distributi6n on the sheet_. The angular stretch-bend 
test which . lS evaluated under plane strain conditions, 
incorporates both failure strain and strain distribution 
(30,31). 
Formability can also be evaluated through stretch tests. 
Two test methods include: full dome testing and tensile 
testing. The full dome test is similar to the LDH test except 
th~t this test inborpor~tes a minor strain of 10% due to the 
clamping procedure. From the tensile test the strain 
hardening exponent, n, can be correlated to the material's 
ductility. Galvannealed sheet show .improved n-values when 
compared t6 galvanized sheet. The property differences are 
thought to be ~ffected by the carbon state in the sheet. In 
galvanized sheet carbon is present in the supersaturated state 
and upon annealing, the solute carbon precipitates out causing 
an increase in sheet ductility. Although annealing· improves 
substrate properties, it pro~otes the diffusion of iron into 
the coating, thus making the coating more brittle (32). 
Drawing, another method to examine sheet formability, 
incorporates minor strains to move metal over dies. The 
strains involved and the material movement effects the sheets 
performance. Two evaluation methods are deep drawing .and 
tensile testing (31). 
The .deep drawing test involves a large amount of. relative 
motion between the punch and die and evaluates the effect of 
friction. If the material being tested is lubricated using 
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either polyethylene or an oil lubricant, decreasing loads -are 
observed with increasing the amount of lubricant ·(31). 
In tensile testing, the. average strain ratio, rm, is 
measured. The sheet's r-value or deep draw ability parameter 
deteriorates due to galvannealing. During alloying, the iron-
zinc intermetallic layer increases, causing the coating to 
become less ductile and mo~e resistant to plastic. flow in the 
sheet plane. The thickness strain must therefore increase to 
compensate for reduction in the width strain. The change in 
strain leads to reduced r-values or reduced average strain 
ratios (31,32). 
II.2.2 COATING FORMABILITY 
During press-forming operations, several typ~s of coating 
failure can occur which include: flaking, galling, cracking 
and powdering. As reported by Deits et al. (33) and shown in 
Table II.2, there are no universally accepted definitions for 
these types of coating failures. In fact, the published 
definitions are quite dissimilar. Ike (3A) reports that in 
galvanneal sheet the coating tends to powder due to its 
brittle character, while electrogalvanized coatings tend to 
flake because of their soft and ductile nature. Ejima (35) 
indicates powdering occurs from deep drawing while flaking 
occurs from the application of high pressure during sliding. 
More critical than the differences of opinion, is the fact 
that all foui::- types of failure serve as initia.tion sites for 
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Author Powdering Flaking GalJing Cracking 
Ike Particle removal due Large fragment:, Ploughing by frag-
to brittle fracture in pulled oN by :sliding ments adhering to 
coating cont.ad wah die the tool 
Maklmatllla ~ritl85 ot tool sur- Failure ot fragments Ploughing by f rag-
faca ploughing through by shearing at zind ments adhering to the 
coating iron interf aca tool 
Ejlma Type of coating failure Large fragments Ploughing by 
which results from removed by sliding accumulation ot 
deep drawing under high pressure material on die 
DeitS intracoating failure pm- decohesion ot coating/ adhered particles through-thickness 
ducing particles smaller substrate inter1aC8, plough through coating fa ilura wtthout 
than coating thickness partides smaller than or bond to coating coating 
coating thickness 
Table II_. 1: Definitions of coating failure [Ref. 33]. 
corrosion, so that understanding the mechanisms and reasons 
for coating failure are more 
cciating failure definitions. 
important than . agreeing upon 
Powdering properties have been studied through coating 
iron content and ·coating structure. An increase in coating 
weight and/or iron content in the alloying laye~ decreases the 
powdering resistance, Figure II.8 (36-38).. Powdering 
resistance is also considered to be strongly dependent on the 
composition of the alloy phase l.ayers, which is related to the 
galvannealing heat cycle (38, 39). Little information has been 
reported on both the galvanizing conditions during manufacture 
and alloy phase layer composition (13,38). 
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II.2.2.1 Effects of Coating Iron Content 
it is well known that powdering resistance deteriorates 
with increasing iron content in the coating (13,36-39). This 
effect is reported to be caus~d from the depletion of the 
ductile zeta phase and the growth of the more brittle delta 
and gamma phases (38). Powdering resistance as a function of 
iron content and phase presence is illustrated ~n figure rr·.9 
( 3 9) • 
K. onizawa et al. (39) report that to obtain a powder 
resistant coating the Fe content in the coating should be 
controlled in the range of 7-12%wt. .smith et al. (14) report 
·that an optimum coating contains 10 wt. %Fe, Figure rI. 10. 
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Between 10 and 11 wt.%Fe, coating powdering resistance begins 
to deteriorate. When the coating contains less than 7 wt.%, 
the eta phase is sometimes present in the coating, which is 
undesirable for painting. At higher iron contents the gamma 
phase is formed. Powdering resistance severely dete·riorates 
when the gamma phase grows into a layer of m.ore than o. 4µm 
(.32) .. The effect gamma layer growth on powdering 
illustrated in Figure II.11. 
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Figure II.11: Relation between the gamma layer thickness and powering resistande (Ref. 32). 
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rr~ 2~2.2 Effects of Galvanizing Conditions 
Galvanizing conditions such as the sheet entry 
temperature into the zinc bath, the aluminum content and 
temperature in the zinc bath and the gal.vannealing temperature 
are some of the parameters that effect the .formation and 
alloying rate in the ~inc-iron coating. A delay in the 
alloying rate promotes better powdering properties (13). 
Figure II.12 illustrates the rela~ionship between 
powdering and . various • processing conditions ( 13) . These 
results were obtained with an 11 wt. %Fe coating. The 
powdering re_sistance is shown to increase with increasing 
amounts of aluminum in the • zinc bath, decreasing bath 
temperatures, 
(13,38,39). 
and decreasing galvannealing temperat~res 
The sheet entry temperature into the zinc bath 
shows little effect on powdering characteristics. Urai et al. 
{13) conclude that powdering resistance increases when these 
parameters act to delay the alloying rate. 
Urai et al. ( 13) report that the degre~ of powdering 
versus the aluminum bath content and the bath temperature show 
similarly steep curves, while the· gal vanneal ing temperature 
versus powdering curve is mar~ graduai than the farmer two 
slopes, Figure I~. 12. Consequently, Urai et al. ( 13) conclude 
that to improve the powdering characteristics, the most 
beneficial method (delay the alloying rate without slowing 
productivity) is to either increase Al content in the zinc 
bath or the lower the bath temperature. 
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Pigur~ _II.13 (38) shows the effect of high galvannealing 
temperature on powdering. For coatings with identical iron 
contents ( above 10%Fe in the coating), those produced _by 
higher galvannealing temperatures show detrimental effects on 
coating formability. 
L 
~ 6 
~ 
0 
a. 4 
...... 
§ 2 
0 
E 
< 
470 500 5}0 0.05 0.08 0. I 2 0.18 450 470 500 500 550 600 
Entry temp. or Al content In Bath.temp., Galvanneallng 
sheet Into bath, ~ •c temp., "C 
bath, ·c 
Figure II. 12: The effect of galvanneal ing c.ondi tions on 
powdering ·[Ref. 13]. 
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II.2.2.3 Effects of Alloying Rate 
Alloying rate has a critical influence on coating 
powdering properties. Some researchsrs (38) believe the 
ga1vannealing process controls the coatings powdering 
resistance. A process which produces a low alloying rate of 
iron diffusion into the coating offers good powdering 
resistance. Nakamori and Shibuya (38) report that the effect 
of alloying rate in the initial alloying stage (to 5 wt.%Fe) 
is unrelated to powdering resist~nce. The alloying rate in 
the final stage of annealing (8-10 wt.%Fe) causes powdering 
resistance deterioration. Consequently, they suggest that a 
high atloying rate in the initial stage of annealing (up to 5 
wt.%Fe in the coating) followed by a low alloying rate in the 
final stage of galvannealing seems to produce favorable 
powdering results without reducing the productivity rate. 
II.2.2.4 Effects of Aluminum Content in the Zinc Bath 
Urai et al. (13) relate the coating layer structure to 
the powdering characteristics by varying the amounts of 
aluminum in the zinc bath between 0.12% and 0.16%. In a bath 
containing ·O. 16 %Al, an inhibiting Fe-Al-Zn intermetallic 
layer forms between the zinc overlay and sheet interface which 
restrains the start of the galvannealing reaction. When the 
inhibiting layar is penetrated by the zinc, alloying between 
Fe and Zn begins and layers form l·ocally and successively in 
areas where the ternary intermetallic layer is destroyed or 
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consumed. In the lower Al bath concentration the zeta phase 
develops in the initial stage of alloying and changes into a 
delta phase over a short period of time because the inhibiting 
layer is not present. 
As a result of the two aluminum levels, coatings 
containing 11% iron obtain different phase structures. Figure 
II .14 shows the two surface morphologi~s and Figure II .15 
illustrates the relationship betwe~n diffraction intensities 
of zeta/delta phase ratios for coatings produced iri 0.12 % and 
o._16 %Al baths. Ito ~t al. (40) report that powdering 
resistance is improved with increasing zeta/delta ratios. The 
o. 12 % Al con.tent coating consisted mainly of the delta phase 
(stick-like appearance) with a nearly uniform iron content, 
Figure II.14(a). The 0.16 %Al coating consisting mostly d~lta 
with a high iron content along with some zeta phase which 
contains less iron. In Figure II.14(b) the high aluminum 
coating displays block-like crystals (zeta phase) among stick-
like crystals (delta phase). Urai et al. (13) conclude that 
because the zeta phase is less hard ( 140-160HV) than the delta 
phase (400HV), it is the more desirable phase to form during 
processing. Also, the zeta phase has a hardness similar to 
steel substrates (.110-160HV), so the phase can closely match 
the plastic deformation properties of the substr~te and is 
more crack resistant then the delta phase (41). 
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A B 
Figure II.14: A) Surface coating layer (11%Fe) produced from 0.12%Al in the zinc bath, B) Surface coating layer (11% Fe) produced from 0.16%Al in the zinc bath [Ref. 13). 
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II.2.2.5 Powdering Related to Microstructure 
Numakura et al .. (3) evaluated powdering as a function of 
the zeta/delta ratio. Powdering from tape testing (degree of 
_powdering was measured in terms of a pe_netration index by an 
absorption spectrophotometer) is illustrated in Figure II.16, 
antj decreases with increasing zeta/delta ratios (3). As noted 
in the previous section, better coating forming properties can 
be attributed to tne plastic deformation properties of the 
zeta phase ( 41). Sl1,i et al. ( 42) ·report that the optimum 
coating is one in which the zeta phase is present on the 
surface and only a minimum gamma phase is formed at the 
coating/substrate ~nterface. They conclude that regardless of 
the presence and amount of any other ZnFe intermetallic, when 
delta is ·expo$ed on the surface, powdering properties are 
poor. 
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The coating structure has be~n studisd through the 
influence o( the galvannealing temp~rature~ At temperatures 
below 500°C the coating offers a good powde.ring resistance 
because: (i) zeta is present in large amounts up to 12 wt.%Fe 
and ( ii) the formation of the _FeZn4 (gamma1 ) phase which 
inhibits the growth of the Fe3Zn10 (gamma) phase (38). At 
galvannealing temperatures greater than 550°C powdering 
occurred extensively ( 3 8, 4 3) • The higher annealing 
temperatures promote growth of the delta and gamma phase which 
cause remarkable deterioration of the coati;ng formability 
( 38). Lucas et al. ( 43) and Nakamori et al. ( 38) both 
conclude that in order to increase powdering resistance the 
amount of. delta and gamma phases present in the coating should 
be kept minimum. 
In the past the gamma phase or a combination of the gamma 
and the gamma1 phases were thought to cause a declin_e in 
powdering resistance. Recent studies have shown (38) that if 
the galvannealing temperature is high enough, even though the 
coating .contains high amounts of iron, a powdering resistant 
coating can still be produced, Figure II.17. ·At iron contents 
greater than 20% in the coating the powdering resistance 
improves due to the delta phase transforming into the gamma 
pha_se (.3 8) . A coating of 22 wt.%Fe shows good powdering 
resistance at a galvannealing temp~rature of 640°C; howeveri 
at a temperature of 450°C the coatings powdering resistance 
deteriorates. The difference is that the coating that formed 
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at 450°c contained only the gamma, phase, while at ·the higher 
temperature, the coating consisted mostly the gamma phase and 
only a slight amount of the gamma, phase. Consequently, they 
concluded that powdering is shown not to be .attributed to the 
formation of the ga·mma phase even though large amounts of iron 
are present in the coating at the higher temperature (3). 
In the discussion of coating strOcture, clearly 
discrepancies exist as to the ideal coating structure for 
optimum formability, Table II. :;3. This partially results from 
inconsistent testing and evaluation methods and differing 
processing variables. Also, microstructure preparation 
techniques for· sample analysis varies, some researchers use 
cryogenic· fracture ·for microstructure analysis while others 
use polishing techniques. 
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Figure II.17: Powdering behavior of high Fe content 
galvannealed coatings, coating weight 40g/m2/s1de [Ref. 38]. 
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PHASE EFFECT REF. 
11 -POOR PAINT ADHESION [8] AND WELDING PROP. 
~ -LIGHTENS STRAIN DURING [13) FORMING 
-ON SURFACE-OPT. [14) 
POWDERING RESIST. 
-HIGH ~/8 RATIO- [3,43) OPT. POWDERING RESIST. 
8 -DECREASE IN POWDERING [13,38,43) 
RESIST. 
-GOOD ADHESION [14] 
r -INCREASE RESIST. [38] 
-DECREASE RESIST. [14] 
r1 -DECREASE IN RESIST. [38] 
Table II.3: Differing opinions of the Zn-Fe alloy phases and 
effects on formability. 
II.2.2.6 Deformation and Crack Propagation 
Numakura et al. ( 3) report on. crack formation and 
propagation in hot-dip galvannealed coatings after bend 
testing. A coating consisting mainly of the delta phase, is 
shown to develop cracks toward the coating surface at an 
inclination of approximately 45° to the sheet surface, Figure 
II.18. The crack origins are reported (3) to initiate in 
areas of serrated plastic deformation. The serrations form 
from the grain boundaries linking tog.ether in the substrate 
material. 
In a coating consisting mainly of the zeta phase, the 
cracks were also shown to nucleate at these plastically 
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.deformed notched . regions on the substrate. surface. This 
initiation c;haracteristic is the same as crack formation in 
the delta layer, however, less conspicuous. Researchers (3) 
observe .. many cracks in the interface between the gamma and 
delta phase layers, and these cracks are retained from moving 
into the zeta layer. Because of the compress·ive stresses 
during bending, crack initiation occurs at stress 
concentratioris in the hardest layer, which is the interface 
bet~een the substrate and the coating. Cracks propagate and. 
eventually· penetrate to the coating surface. The coating is 
cut by the cracks and exfoliation or peeling occurs when 
further compressive stresses are applied. More cracks form at 
serrated plastic regions in the substrate which develop as a 
consequence of additional applied compressive stress and more 
exfoliation from the steel occurs (3). 
Tokunaga et al. (44) report on the initiation and 
propagation of cracks in hot-dip galvanneal, Figure II.19. 
After bending, cracks generate .from the gamma or gamma+ delta 
region, Figure II.19(a). Cracks propagate easiest along the 
gamma phase, Figure II .19 (b) and almost as easy along the 
gamma+ delta layer. They point out that the length of the 
propagating crack in dependent upo~ the thickness and form of 
the gamma layer. In Figure 19(c) where there is an absence of 
the gamma layer and the gc;1mma + delta layer is < lµm, the 
crack propagatibn is short (44). 
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substrate 
serrated 
Figure II.18: Cross-section of bent galvannealed sheet. The main phase is delta [Ref. 3]. 
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Figure II.19: crack initiation and propagation .in hot-dip galvannealed coatings with differing morphologies [Ref. 44]. 
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Deitz et al. (33) report that in hot-dip galvanneal 
(coating iron content not reported) after drawing tests, an 
intermeta1lic layer . remains bonded to the substrate and 
coating loss is due to the involvement of compressive stresses 
and strains. A change the strain state will induce further 
coating loss. Figure II.20 illustrates the crack nucleation 
and propagation in hot-dip galvanneal during . compressive 
stress mode. During stage I cracks nucLeate, propagate and 
intersect. In stages II and III the particles delaminate and 
separate .from the substrate with further strain in the hoop 
direction ( 3·3). During the application of tensile stresses,. 
Figure II.21, cracks develop at the coating/substrate 
interface due to stress concentrations from localized shear 
stresses. The ~racks nucleate to the coating surface, stage 
II, relieving tensile stresses. As tensile stresses increase, 
the coating separates at the interface to relieve further 
stresses. Stage III illustrates small regions of coating 
remain bonded to the substrate (33). 
Nakamori et al. (38) report that galvannealing 
te~p~rature ~nd coating iron content effect the mode of cr~ck 
propagation. A coating containing 9.4 wt.%Fe and galvannealed 
at 500°C has a tendency to f.orm cracks at an approximate 45°. 
A coating containing 10.3 wt.%Fe and anhealed at 600°C tends 
to form long continuous cracks which run parallel to the 
substrate surface ( 38) . Tokunaga et al. ( 44) propose that the 
cracking mode changes with the development of the gamma+ 
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Figure II.20: Three stage schematic showing the· steps which 
lead to coating removal in a brittle coating during drawing 
involving compressive stresses [Ref. 33]. 
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delta- phase. 
In zinc coatings or hexagonal close packed crystals, 
-deformation occurs either by twinning in the (10-12) by slip on 
the (0001) basal plane, the densest plane, or at higher 
stresses by slip on the pyramidal- plan~s (1122) (45,46). 
/ 
Figure II.22 illustrates a zinc HCP. Figure II.22 (a) is the 
-basal (0001) plane, (b} is the prism (1010) plane, and (c) and 
(d) are the pyramidal (10I1) and (10I2) planes respectiyely 
( 4 6) • 
*' I ,~, -l_: I ' ( ;J 
I I 
I 
a I I I ~ 
C 
Figure II. 22: Principal orientation planes for zinc HCP 
crystals: A) basal (0001) plane; B) prism (lOIO) plane; C) and 
D) pyramid plartes (1011) and (1012) planes, respectively (Ref. 
46] . 
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In hot-dip galvanized coatings a (0001) texture develops 
(47-49), i.e. the basal plane lies parallel to the substrate 
surf ace; and the level of texture development is dependent on 
alloy composition and process variables (48). This basal 
plane (primary slip plane) orientation is a less than ideal 
orientation for formability because during uniaxial tension, 
the resolved shear stress for·this plane is zero (47). Bastin 
et al. (50) report that crystallites tilt from the direction 
of diffusion and the tilt angle increases with increasing 
distance from the delta/zeta interface· and with increasing 
temperatures. Also, crystallites were .found to be twinned 6n 
the (1120) faces and the tilting probably occurs on this 
plane. Idris et al. report (51) that in hot-dip galvanized 
coatings at 20% strain twinning occurs in basally-orientated 
grains so that secondary cleavage of the (0001) twin planes 
can occur (45,51). Though much literature exists for texture 
development and cracking in hot-dip galvanized coatings, 
little information (3,33,38,44) is found in these ar~as for 
hot dip galvanneal. 
II.3. COATING FORMABILITY E-VALUATION METHODS 
Today in the· United States, Europe and Japan many 
companies produce galvannealed sheet products and most have 
individual test methods to evaluate the formation and adhesion 
properties of the galvannealed sheet. These tests are quick, 
on-line methods for examining the quality of the coating. 
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These methods include peel-off tests in which the visual 
assessment of the transparency of adhesive tape is compared to 
a standard. These tests are not quantitative nor particularly 
accurate (52). 
Presently, there is no means for individual companies to 
compare tpe quality of their coatings to other commercial 
coatings. Individual companies have their own methods for 
tests and there are no universal standards for the specimen 
dimensions, sheet thickness, tool roughness, lubricating 
methods or number of specimens per test. 
There ar~ several mechanisms in which failure of the 
coating occurs. These include (as previously discussed)· 
powdering, flaking, galling and cracking. Powdering . lS 
usually evaluated from bend tests or at the die radius of 
cylindrical cup deep-draw test. 
evaluated from draw~bead tests. 
Flaking is typically 
Figure II. 23 shows the 
relationship bet~een powdering and flaking (53). The following 
test methods are used to evaluate the performance of the 
coated sheet. 
II.3.1 The Bend Test 
Bend tests evaluate the coating/substrate adhesion. 
Adhesive tape is applied to the ~ample either before or after 
forming, usually on the compressive side of the sheet. The 
sample is then bent in a punch and die config~r~tion, Figure 
II.24. Different die angles which vary the severity of the 
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Figure II.24: Schematic of 60° degree V-bend test. 
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. . ......... 
test are employed by individual companies. After forming, the 
tape is removed and evaluated. One method to evaluate 
powdering is through an absorption spectrometer in which th~ 
degree of powdering is m·easured . 1n terms of a light 
penetration index ·{3). Another method is to semiquantitative-
ly analyze the degree of powdering by measuring the amount of 
zinc peel-off contained on the tape with fluorescence x-ray 
analysis ( 3 9) . Finally, in many cases due to time 
constraints, the degree of powdering can be determ.ined by 
comparing the adhesive tape to a visual standard. 
For quick and easy on-line testing the bend test is 
effective. However, the accuracy is questionable. Different 
variables may cause fluctuations in the test result. For 
example, the tape thickness may vary throughout the roli or it 
may not always be applied ·evenly. Finally, the tape is 
compared to a standard, thus making the results subjective. 
II.3.2 The Flake Test 
This test is utilized to examine flaking which occurs in 
-the coating during sliding in the :press-forming operation. 
Flaking is evaluated through a die and draw bead configuration 
which simulates the deep drawing and sliding ·forces the 
gal vannealed sheet experiences during forming ~perations. The 
draw beads control the metal flow from the blank holder to the 
die cavity, as the blank is stamped. Different drawing 
configurations are shown in Figure II.25 (52). The degree of 
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flaking is determined .by three methods: .1) transmittance in 
which the amount of light transmitted through the tape is 
measured, 2·) atomic absorption and 3) weight loss in which the 
sample is weighed before and after forming (3,52,53). 
b) Usu.Al luting M•lhod wi1r, Sltd• 
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Figure II.25: Testing methods involving slide (Ref. 52]. 
II.3.3 The Double Olsen Powdering Cup Te~t 
In this test a square piece of steel is formed into a 
spherical shape to a cup height of 8.9 mm in a punch and die 
configuration (54). The surf ace of interest contacts the 
punch. The sample is then .reversed and deformed to a cup 
height of 5. 3 nun. The sample is removed and compared to a 
standard chart which displays different degrees of powdering, 
Figure II. 26. This test method can be inaccurate due to 
misalignment during the reversal of the specimen. If the 
specimen is out of line, the test is not as severe or 
effective. 
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Status: 
Sample Size: 
Test Procedure: 
This test can be performed at the Armco Research Laboratories. The test gives a fair indication of powdertng 
charatteristic. This test is not suitable for production · 
control of ARMCO ZINCGRIP GA product. 
57 mm x 57 mm 
The test is conducted by performing an Olsen tup height of 8~9 mm with the side of interest in contact with the punch. The sample is then reversed to the punch and formed to an Olsen cup height of 5.J mm. The sample is then compared to 
the visual standard bel.ow. 
Figure II.26: The Reverse Olsen powdering cup test (Ref. 54]. 
II.3.4 Quantitative Test Method 
Another method to evaluate the powdering phenomena is 
through a quantitative test method which . is proposed by 
Shiokawa et al. (-52)) in an effort to standardize the 
evaluation procedure ·for powdering. The sh~et is subjected to 
either a cyl indr ica1 cup test or a draw bead test. The 
determination of powdering is through the weight loss of the 
specimen after testing. Other quantitative methods include 
measuring the degree of powdering from celiophane which is 
described in the flake test section above (52, 53). 
II.3.5 Cracking _Limit Diagrams. 
Cracking lim~t diagrams (CLD 1 s) for coated sheets are 
analogous to FLD's for steel sheet and are currently being 
used to detect the threshold strains for intergranular 
cracking in hot-dip galvanized coatings (55). The validity of 
CLD 1 s· are questionable (56). Figute II.27 illustrates a CLD 
for 12 hot-dip galvanized sheets. The two axes, e 1 and e 2 , are 
the two principal engineering strains on the coating surface 
(56). A draw back of the CLD is that the onset of cracking 
cannot be proper_ly detected, the ·determination threshold 
strain indicating acceptable coatings from the unacceptable 
coatings are subjective·to the operator (56), and there are no 
standards. 
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Figure II.27: Cracking limit diagram for different galvanized 
coatings. Engineering principal strain in percent [Ref. 56]. 
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I.4. SUMMARY 
From the extehsive published literature on the 
galvanizing and galvannealing processes and the formability of 
hot-dip coatings, the following can be summarized: 
1) Many opinions exist as to the critical iron contents 
in the coating and the optimum mi~rostructure. Some of the 
dispute can be attributed to evaluation methods and the 
relative error involved in these procedures. In evaluation 
methods to determine iron content in the coating layer, x-ray-
analysis is confounding, titration methods have inherent 
error, and sa~ple preparation for light optical or electron 
microscopy is diff·icul t. 
2)· Opinions exist as to the method of controlling 
powdering. Urai (13) recqmmends delaying alloying, Nakamori 
et al. (38) suggests cont~olling the alloying rate and 
Numakura et -al. (3)- promote increases in the zeta/delta ratio. 
Lucas et al. (43) propose that keeping the gamma and delta 
phases. minimum in the coating improves powdering resistance. 
3) Crack fo·rmation and propagation is reported to change 
with coating phase composition, coating ·, iron content, 
galvannealing temperature and app1ied stress state. 
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4) Several authors report and compare the formability of 
galvanneal; however, the t~sting is not similar, because: i) 
Many of the galvc;1nizing/galvannealing processes vary, ii) 
Testing equipment and stresses and stains applied are 
different, iii) Evaiuation methods are subjective or relative 
error is inherent and, iv) The substrate materials used and 
iron contents in the coating vai;y. These factors con-found the 
research, interpretation and analyses of the results and make 
interpretation of literature somewh~t di·fficult. 
5. Presently, there are no standard tests that 
individual galvanneal producers can use to compar~ their 
pioduct to other commercial products. Most coating 
formability tests are subjective, difficult to reproduce and 
depend upon the specifications of each individual automotive 
company. 
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III. PROCEDURES 
III.I. SAMPLE PREPARATION 
Sample Mounting 
1. Using a hand shear, samples were cut into l" x 0.75" 
. pieces, immersed into an methyl alcohol bath and 
ultrasonically cleaned for one minute. The samples were then 
blown dry. 
2. Samples were stacked into a sandwich formation, 
Figure III.I, and double stick scotch tape was applied to the 
sheet ends to hold the samples tog~ther. Taping allows a 
minimum space between $amples for epoxy and the . specimen 
proximity acts to protect the coatings from rounding during 
polishing.. The top and l:;>ottom pieces of the stack are 'dummy' 
samples for additional coating protection during polishing. 
3. A 1.25" molci was coated with Buehler releasing agent 
(for easy mount-mold separation after epoxy curing) and two 
metal stubs were glued on each side of the- mold which 
stabil.izes the mount during polishing. Bent metal was placed 
around one rod and used as a marker to orient the surfaces of 
importance. The sandwich is then placed upright into the 
center ot the mold, the surface of interest placed toward the 
indicator, Figure III.2. 
4. The mount is half filled with a 5:1 weight ratio of 
Buehler epo~ide resin and epoxide hardener, and placed under 
a vacuum until air bubbles form at the surface. The remaining 
area of the mount is filled with epoxy and vacuumed. The 
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vaquum assures a more dense mount. 
Double Stick Scotch Tape 
Blanks Samples 
Figur.e III. 1: Sandwich stacking formation .for sheet steel 
sample mounting. 
Surface of 
Interest 
Mount 
Marker· 
0----,,L.. __ Me~I 
stabilizer 
Figure III. 2: Schematic illustrating the sample mounting set-
up for sheet steel. 
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Grinding 
1. Using a Leco VP150 VARI/POL automatic grinder, the 
samples were ground on 80 grit sic paper at a 30 psi pressure 
and a 200 rpm wheel speed until 2 mm of material was removed 
from the mount, which eliminates damage effects from shearing. 
The samples were ground on the automatic grinder using 120, 
240, 360, 400, and 600 grit Sic paper. Between each step the 
samples were cleaned with water. 
2. By hand, samples were ground with 12, 5 and 1 µm sic 
paper while the wheel rotated counterclockwise. On the 12 µm 
sic paper the mount is held stationary and positioned so that 
the Sic particles from the paper make scratches perpendicular 
to the length of the samples. Immediately following grinding. 
the samples were wiped with cotton saturated in methyl 
alcohol, immersed in an alcohol bath and ultrasonically 
cleaned. On each succeeding paper, the sample orientation was 
rotated 90° from the prior step. The rotating step ensures 
that the deformation introduced from the previous grinding 
step is removed. Between steps was important to thoroughly 
clean and dry, and view the samples under a light optical 
microscope to verify th.at all deformation from the previous 
step was removed. 
Polishing 
1. One micron Hyprez diamond compound was impregnated 
onto a Struers OP-Nap cloth. Using Hyprez W Lubricant to 
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dampen the surface, the sample·was rotated counterclockwise on 
the cloth for 1 minute and immediately wiped with cotton, 
ultrasonically cleaned for 30 seconds and dried. 
2. A Struers OP-Nap cloth impregnated with 0.25 µm 
Hyprez diamond compound was used for the final polishing step 
and the above procedure was repeated. 
Etching 
1. Lehigh's Reagent (57) consisting of equal parts of 1% 
Picric amyl and 1% Nitric amyl is poured into two crucibles. 
Four to eight drops of 9% Hydrofluoric acid was added to the 
second crucible. 
2. With tongs the sample was immersed into the first 
crucible for ten seconds then removed arid placed into the 
s~cond crucible for te·n seconds. The sample was then immersed 
into an alcohol bath, flushed with alcohol and dried. 
III.2. MICROSCOPY 
Light Optical Micro~cbpy 
LOM was perf armed on a Reichert-Jung MeF3 microscope. 
Bright field imaging at a magnification of 1500X was used for 
all micrographs unless otherwise noted. 
Scanning Electron Microscopy 
1. Samples were sheared into o. 7 5" X o. 7 5" I pieces, 
cleaned in alcohol and mounted to metal stubs with carbon 
paint. 
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2. The ETEC scanning electron microscope was used under 
the following conditions: working distance - 8-15 mm, 
accelerating voltage= 1 Kev and tilt= 0°. All micrographs 
were taken under seccindary electron imaging conditions unless 
otherwise noted. 
III.3. TESTING PROCEDURES 
III.3~1 Semi~Guided Bend Test 
To assess the formability of gal vannealed coatings, 
testing followed the ASTM Standard E290, "Semi-Guided Bend 
Test for Ductility of Metallic Materials" (-58). The following 
steps were followed: 
1. Galvannealed steel sheet was sheared into 6n X 1.5" 
pieces, tape was applied to both coating surfaces and formed 
around bend diameters ranging from 12 times the sheet 
thickness down to O times the sheet thickness, Figure III.3. 
2. After farming, the samples were sheared to 1. 5" 
lengths and ground to 5/8" width. Grinding was performed for 
two reasons: i) to eliminate the damage effects induced during 
shearing·, and ii) to size the samples for evaluation. 
III.3.2 60 6 Bend Test 
These tests were conducted on the 4206 Instron mechanical 
testing unit, and a schematic of the test is shown in Figure 
III.4. Several die tip diameters were used: o.·018 in., 0.25 
in. , o. 4 in. , and o. 5 in .. 
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rod 
r i 
_t 
sheet t + 
force 
Figure III.3: The S~mi-guided b~nd test set-up [Ref. 58]. 
lnstron Arm 
60° 
angle 
movable 
die 
Figure III.4: The 60• bend test. 
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stationary 
die 
Samples were sheared into 2" x 2" sections, cleaned in alcohol 
and taped with Scotch Brand 3M 2-0300 tape on the coating 
surface of interest. ( Both tensile and compressive stress 
conditions were evaluated on the commercial galvanneal, 
however, for the Gleeble generated material, only the coating 
surface in which the thermocouple was attached were used for 
evaluation). 
2. The sample was placed on the lower die, and formed 
under a compressive load of 3000 lbs. 
3. The tape was removed mounted on a glass plate for 
tape analysis and the sheet samples were mounted in epoxy for 
evaluation. 
III.3.3 go 0 Bend Test 
This procedure was similar to the 60° bend test, except 
that the stationary die angle was goo I and the die tip 
diameter was 0.4 in., Figure III.5. The force was applied by 
a torque wrench to a final energy of 30 ft.lbs. 
torque 
wrench 
attachment 
movable 
die 
Figure III.5: The 90° bend test. 
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III.3.4 Three and Four Point Bend Tests 
Both tests were conducted on the 4206 Instron mechanical 
testing ·unit and a schematic of the ·tour point and three point 
bend tests is found in tigures III.6 and III.7, respectively 
(59). The three point. bend test is similar to the four point 
bend test except that there is only one moveable top die which 
is evenly spaced between the two stationary bottom dies. The 
following steps were followed for both tests: 
1. Samples were sheared into 5" x l" pieces and cleaned. 
Tape was applied to the midspan of the coating surface in 
which the stress condition of interest was to be evaluated. 
2. Samples were placed on the lower dies, and tested 
past the materials elastic limit. Each materials elastic li~it 
was determined in preliminary tests. Figure III.8 illustrates 
a load versus displacement curve that the sheet midspan 
experienced during four point bend testing. At the apex of 
the curve, i.e. the elastic limit, the test was stopped. The 
sheet was not farmed further because with continued testing·, 
complicated strains that aid in forming the sheet around the 
upper and lower dies would have to be taken into account. 
3. Tape was removed from the samples and placed on glass 
slides for analysis, and the samples were mounted for LOM. 
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p 
Figure III.6: The four point bend test [Ref. 59}. 
p 
0 
Figure III.7: The three point bend test [Ref. 59]. 
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Figure III. 8: Load versus Displacement curve for a four point bend ·test. 
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III. 4. GA·LVANNEA_LING SIMULATlON 
The samples. used in this study were galvanized on ARMCO' s 
pilot line. Aluminum bath levels in the zinc bath and 
substrate compositions are contained in Table III .1. The 
annealing step was performed on a Gleeble HAZlOOO, a thermo-
mechanical testing unit, Figure IIT.9. The Gleeble .. 1S 
computer controlled and uses electric resistance for thermal 
cycling. Figure III .10 illustrates the specimen chamber. The 
sheet is placed at a 45° angle so that during the quenching 
step (quench heads are located at the top center of the 
chamber) water runs off the sheet and does not collect on the 
coating surface. There are six thermocouple terminals (Figure 
III.IO, front} which provide signals for sample temperature 
feedback. The following procedure was used: 
1. Specimens were sheared into 2 in. x 8 in. pieces. 
2. For the attachment of thermocoupl~s, three areas of 
the coating surface approximately 0.25 in. in diameter, were 
removed from the stibstrate surface with Hydrochloric acid, 
rinsed with water and dried. 
3. Three sets of chrorhel-aluniel thermocouples were 
welded onto coating stripped areas to enable temperature 
profile readings from three areas of the sheet. A schematic 
illustration of the sample is shown in Figure III.11. 
4. The spe.cimen was mounted in the Gieeble, Figure 
III.10, and the surface of importance (fhe side containing 
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Sample C* Mn p S* Si Al Nb 
0.1 Owt. o/o 
Al+ 
#1 0.0113 0.18 0.013 0.0086 0.002 0.062 0.001 
#2 0.0086 0.18 0.006 0.0093 0.010 0.054 0.001 
#3 0.0164 0.19 0.006 0.0085 0.012 0.064 0.003 
#4 0.0034 0.12 0.005 0.0060 0.004 0.049 0.001 
#5 0.0314 0.94 0.075 0.0043 0.026 0.061 0.020 
0.015wt. 
0/oAI+ 
#1 0.0111 0.19 0.016 0.0085 0.003 0.069 0.004 
#2 0.0143 0.18 0.006 0.0094 0.0011 0.057 0.001 
#3 0.0171 0.18 0.006 0.0085 0.0011 0.058 0.001 
#4 0.0035 0.12 0.005 0.0061 0.004 0.049 0.001 
#5 0.0313 0.92 0.070 0.0042 0.025 0.058 0.019 
* Leco analysis; all other elements by Optical Emmssion Spectroscopy. 
+ Effective Aluminum levels in the zinc pot [60]. 
11 Supplier 
0.003 ARMCO 
0.001 National 
0.002 National 
0.064 LTV 
0.003 National 
0.003 ARMCO 
0.001 National 
0.001 National 
0.064 LTV 
0.003 National 
Table III.l: Substrate composition and aluminum bath level 
contents. Analysis work completed at DOFASCO. 
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Figure III.9: The Gleeble HAZlOOO testing unit. 
Figure III.10: The Gleeble HAZlOOO specimen chamber. 
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the thermocouples) was placed away fro_m the quench heads so 
that during the cooling step the surface is not exposed to 
water and air-pressure from the quench. 
5. Specific heating/cooling cycles were run on the 
sheets. The heating rate was set at 500°C/sec to bring the 
sheet up to the galvannealing temperature quickly, and the 
cooling rate established. was 25°C/sec to simulate commercial 
practice .. Selected time and temperature programs were 
inputted into heat cycle schedules and profiles was generated 
for each thermocouple set as illustrated in Figure III.12. 
6. After testing, samples were ~emoved and dried, and 
only the surface to which the thermocouples were att~ched was 
used for analysis. 
8" 
5.5" 
i) fo.5" 
2" 
• 0.5" 
. 
.. ... 3" 
.. 4" ... 
Coating removed for 
thermocouple 
attachment. 
Figure III.11: Sheet sample set-up for Gleeble heat-cycle 
simulation. 
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III.5. TAPE EVALUATION METHODS 
After benq testing, tape was peeled from the sample, 
placed on a glass slide and evaluated on a P~rkin-Elmer Lambda 
5 UV/VIS .spectrophotometer in the following manner: 
1. The spectrophotometer was turned OD, the wa~e length 
was set to 641.0 nm and background scatter was corrected. 
3. The glass ~lide containing tape and coating particles 
was placed in front of the monochromatic light source. Light 
absorbance was measured and can be defined as: 
A = log I100%transmittance/Isample, 
where I100%transmittance is the inte·nsity reading for no light 
absorbance and I sample is the intensity of 1 ight transmitted 
through a glass slide containing tape and coating particles. 
The highest absorbance reading throughout the tape was 
recorded for ~ach sample and careful consideration was taken 
so that readings were not taken from edges or regions of 
plnched tape. A minimum of five measurements were taken for 
each tape sample. 
4. The data was then averaged and the ·standard 
deviations were calculated. Correction factors associated 
with tape coloring and tape deform~tion were determined and 
are discussed in the following section. 
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III.6. CORRECTION FACTORS FOR TAPE 
Tests were perfo·rmed to correct for factors during_ the 
taping procedure which may skew ligh_t absorbance measurements. 
These include: defects or transparency changes throughout the 
tape roll, haziness in the glass slide, remaining residue on 
the coating surface left after cleaning, and plastic 
deformation in the tape from the dies which cause the tape to 
lose its transparent qualities. 
The correction factor tests were conducted using copper 
sheet specimens. A 60° bend test using bend diameters of 0.25 
in., 0.4 in., and 0.5 in.; and a 90° bend test using a 0.4 in. 
diameter was performed. For each test and stress condition 
five samples were tested. The averages and standard 
deviations (within a 95% confidence limit) were calculated 
after light absorption measurements and ar~ listed in Table 
III.2. These results show that the tape do.es plastic.ally 
d.eform during testing, causing a decrease in its transparent 
properties and that for different die configurations, the tape 
correction factor changes. For each individual test the 
stress condition, either compressive or tensile, did not 
significantly. change the correction factor. The . maJor 
difference was seen in the 90 ° bend test .in which average 
values of light absorban9e were approximately twice the. 60° 
bend test values. This result may be attributed to the test 
method in that a torque wrench. is -µtilized to apply the load 
and the load is not applied steadily. In the 60° tests, the 
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die configuration was attached to an Instron 4206 and the load 
was applied evenly at a constant strain. 
Test Compression(A)* Tension(A)* 
goo 0.27+ 0.06 0.24+ 0.01 
500, 0.25" dia. 0.1 o+ 0.02 0.12+ 0.1 
500, 0.4" dia. 0.11+ 0.01 0.11+ 0.003 
600, 0.5"dia. 0.13+ 0.01 0.14+ 0.06 
*Values indicate a 95°/o confidence. 
Table III. 2: Tape correction factors for light absorption measurements. Copper specimens were tested. 
III.7. QUANTITATIVE IMAGE ANALYSIS 
An image analysis technique was developed to measure the 
amount of cracked or powdered coating on a sample after 
·testing. A Leco 2 001 Image Analysis System was used with 
bright field imaging at a. 1500X magnification. The following 
steps were followed to determine percentage of powdered 
coating: 
Sample preparation was identical to that for LOM, Section 
III. 1. Etching not only brings out the true microstructure of 
the coating, but it also changes the grey level of the coating 
from that of the substrate material. 
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A farmed coating is 
illustrated in Figure I·II.13(a). the coating layer and the 
background material are first thresholded by different grey 
levels. Because the substrate material is of the same grey 
level as part of the coating and the background materials as 
shown by the binary image in Figure III. 13. (b) , steps to 
distinguish these features are needed. 
Therefore, a size limit is set on the coating to exclude 
the substrate material, Figure TII .13 ( c) . The background 
material_, the coating and cracks are next separated. A 
vertical grid is superimposed onto the background and coating 
iayer, Figure III.13(d), which acts to fragment the image into 
small segments. By means of aspect ratio limitations, the 
segments which correspond to coating phases are added to the 
coating layer, Fi~ure III.13(e). A horizontal grid . lS 
superimposed onto the screen and combined with the thresholded 
reg ions to farm a new image show in Figure I I I. 13 ( f) • A 
featur~ size limit is then set so that the grid only lies 
within the spaces and gaps of the coating, Figure III.13(g). 
Next, a vertical grid . 1S superimposed on the remaining 
horizontal lines, and the points of intersection form .another 
binary image. These points are dilated to fill the spaces 
where the coating does not exist. The parts of the dilated 
binary image which .overlapped onto the coating layer are 
deleted. As shown in Figure III.13(h), the resulting i:mage is 
the combination of two binary images; orie corresponding to the 
coating area, and the other to the powdered of cracked area in 
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A B 
C D 
E 
F 
G H 
Figure III.13: Steps used to determine percent cracked or powdered coating. (a) Deformed coating. (b) Threholded image. (c) Binary image after substrate separation. (d) Background and coating layer separation. (e) Entire coating layer. (f) Horizontal grid superimposed onto image. (g) Steps to include cracked or powdered regions. (h) Dilation to fill cracked or powdered regions and is now measured. 
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the coating. Thus, a plane fraction of powdered of damaged 
coating can be determined and results indicated that 25. 80% of 
this coating has cracked or powdered from the substrate. 
III .. 8. COATING CHARACTERIZATION METHODS 
III.8~1 Coat~ng Surface Roughness 
The Surtronic Surf inder, a hand-held prof ilamator 
furnished with a diamond stylus was used to measure surface 
coating roughness. The measurements contains 5% error and were 
recorded in microns. 
III.8.2 Coating Thickness 
Using QIA techniques, the coating was first thresholded 
by grey level, from Figure III.14(a) to Figure III.14(b). In 
this case the coating consists of two grey levels. Since the 
resulting red binary image corresponds to constituents also 
contained .in the substrate, it is sized so that irrelevant 
substrate·materials are discarded and the two remaining images 
are combined, representing the entire coating layer, Figure 
III.14(c). 
3. A vertical grid is superimposed on the coating and 
a new image is created which marks the intersection of the· 
coating· with the grid lines. 
4. A feature limit is set to ensure that any erroneous 
measurements due to damaged, cracked or crush~d coatipg are 
excluded. The length of the remaining lines shown in Figure 
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Figure III.14: Image analysis procedure for measuring 
galvanneal coating thickness. (a) galvanneal coating. (b) 
Thresholded coating. (c) Image appearance after feature 
limits. (d) Superimposed grid used to determine coating 
thickness. (e,f) Result display of measurements. 
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III .14 (d) was measured to determine coating thickness·. 
From this particular image fra~e, forty-si~ m~asurements were 
taken and the average coating thickness was 11.6 ± 1.47 µm. 
The resulting histogram is illustrated in Figure III.14(e). 
5. With use of the automated stage, data from several 
fields is compiled into one histogram and better statistics 
can be· obtained. A minimum of three fields ~ere evaluated and 
averaged to determine each data point. 
III. 8. 3 Iron Content 
A titration method was used to determine the average iron 
content in the coating (24]. The oxidation-reduction 
reaction: 
is the principle equation for this method. 
procedure was followed: 
1. Weigh the sample, W1 • 
The following 
2. Immerse the sample in 100 ml of 10%H2S04 until the 
coating is dissolved. The coating is diss-ol ved- when the 
sample stops reacting (bubbling ends)-. 
3. The sample was removed, rinsed in water and dried. 
A second weight, w2 , was obtained. 
4. Titrate with O. 05 N KMn04 until the H2so4 solution 
turns pink in color. 
magnetically stirred. 
recorded. 
During titration, the mixture • lS 
The volume change (V) of KMn04 is 
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Fro~ equation 1, the iron weight (X) in the coating can 
determined by: 
X = [ { V) • { 1 . 5 8 X 10 -l) • { 10 X 5 5 • 8 5 ) ] / { 2 X 15 8 . 0 4 ) ( 2 ) 
X = (V) • (2. 7925 x 10-3 ) ( 3) 
The percent iron in the coating can be calculated by: 
wt% Fe = X/ (W1 -W2) X 100 
III.8.4 X-Ray Technique 
X-ray dif·fraction analysis was conducted on the Philips 
XRG3100 x-ray generator using an ADP1700 Automated Powder 
Diffractometer System 1. Cti-K radiation was used at a 45 kV a 
and 30 mA. The peak angle range was set between 2.000 and 
90.000 degrees and readings of peak intensity versus degree 
wa·s obtained. 
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IV. RESULTS AND DISCUSSION 
IV.l. Semi-Guided Bend Test 
Coating formability was evaluated in both cross-section 
and planar views after the application of a semi-guided bend 
test. The coating appeared to fail in two distinct modes as 
illustrated in Figure IV.l. The side of ·the sheet 
experiencing a tensile stress condition, on the side away 
from the die, failed by cracking; the compressive sheet side 
failed by cracking and the production of 'wedge' shape 
particles. The surface appearance after each respective 
failure is shown in Figures IV.2 (a) and (b). Both surfaces 
contained flat portions, a result of temper rolling, which 
was preformed after the coating was anneal~d. However, the 
dominant feature in Figu~e IV.2(a) was cracking while on the 
compressive side, Figure IV.2(b), cracking was not as 
·prevalent. Crack initiation, propagation and final failure 
are described below .for ~ach type of applied. stress. 
Fig1:1re IV.3 illustrates the sequence of crack 
initiation and propagation in the sheet side experiencing a 
tensile stress condition during bending. The as-received 
material in Figure IV.3(a) contains a few slight cracks (as 
indicated by the arrows) present prior to formi~g. During 
the application of stress, the already-present cracks grow 
and new cracks. nucleate, Figure IV.3(b). These cracks 
initiate at inhomogeneities at the coating/substrate 
interface (such as substrate surface asperities). Stress 
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\ 
Figure IV.l: Micrograph of a lOT bend illustrating the 
different types of coating failure (Mag. 50X). 
A B 
Figure IV.2: SEM surface micrographs: A) the tensile side, 
B) the compressive side (Mag. lOOOX). 
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A B 
C D 
Figure IV.3: cracking sequence after applied tensile 
stresses (Mag. 1500X). 
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concentrations on the coating surface (such as phase 
interfaces), also act as initiation sites, Figure IV.4 .. In 
the second stage, the cracks grow perpendicular to the 
coating/substrate interface and propagate throughout the 
entire coating, Figure IV.3(c). In the final stage, Figure 
IV.3(d), cracks broaden further but a m~jority of the coating 
remains adhered to the substrate. Although some flaking or 
powdering may occur, based on inspection of the mating crack 
surfaces, Figure IV.3(d), it was ·not significant. Figure IV.5 
illust~ates the coating after a uniaxial tension test .. The 
coating cracked in the same manner as the coatings subjected 
to tensile stresses during bending. These results are 
contrary the findings of Deits et al. (34) who suggest that 
(i) cracks in the coating are only generated at the 
coating/substrate interface and (ii) cracking leads to 
extensive delamination at the coqting/substrate interface, 
which they define as fla~ing (Table- II.1, section II.4.2). 
On the compressive side, the coating fails in an entirely 
different manner than ·the tensile case. Crack propagation is 
illustrated in Figure IV. 6. In Figure IV. 6 (a) the as-received 
material again contains a few cracks. In Figure IV.6(b) the 
already-present cracks propagate at an angle to the substrate 
material and secondary cracks begin to form. The major crack 
continues ·to run and collide with secondary cracks at the 
coating/substrate interface, producing 'wedge' shaped 
structures, Figure IV.6(b). At final failure, particles as 
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\ 
thick as the coating break-off or flake, Figure IV.6(d) (34) · 
Figure IV. 4: Crack initiation at the substrate/coating interface and at the coating surface (Mag. 1500X) . 
• 
Figure IV. 5: 
1500X). 
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Coating failure after tensile testing (Mag. 
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A 
C 
IV.6: Cracking {Mag. 1500X). 
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after applied compressive 
Proposed models for crack initiation, propagation ~nd 
final failure for the two types of coating failute are 
presented in Figures IV.7 and IV.8. For the tensile 
condition, the as-received coating already contains some 
p~rpendicular cracks, Figure IV.7(a)~ These cracks were 
introduced during galvannealing since the coating becomes 
increasingly brittle as diffusion of iron into the coating 
occurs. In the initial deformatibn step, . 1e. crack 
nucleation, cracks formed in the coating at stress 
concentrations at the coating/substrate interface and on the 
surface of the coating, Figure IV.7(b). During bendingj-
additional tensile stresses were generated at the 
coating/substrate interface and on tbe coating surface, 
where the maximum tensile .stress was on the surface of the 
coating and decreased linearly to zero at the neutral axis 
(at the center of the sheet). Delta crystals develop a 
texture (47) with their (9001) basal plane orientated 
perpendicular to the coating/substrate interface. Thus, it 
is expected that cracking perpendicular to the 
coating/substrate interface occurs because in HCP crystals 
cleavage occurs along the basal plane. During the second 
stage, Figure IV.7(c), i.e. crack propagation, th~ applied 
stress is increased and the coating, which contains brittle 
intermetallic compounds is unable to deform plastically and 
absorb the stress. The cracks are straight, and as a result 
of coating failure, they widen. In the final stage, Figure 
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Figure 4.7.: Schematic illustration of coating failure experiencing tensile stresses. 
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IV.7(d), the coating does not powder or flake significantly, 
but remains adhered to the substrate. 
The model proposed for the coating failure by compress-ive 
stress is seen in Figure IV. 8. The as-received coating 
contained initial cracks, Figure IV.8(a) .. During the first 
stage or nucleation, cracks formed in the same manner as for 
the tensile case, Figure IV.8(b) (Also see Figure IV.3). 
During the second stage, propagation, Figure IV. 8 ( c) , .the 
cracks formed at an angle. Polakowski and Ripling (61) state 
that in uniaxial compression tests compression a1one generally 
has no tendency to form or propagate internal cracks, however, 
for brittle materials, shear fractures inclined to the 
compressive axis are typical. Shear stresses are introduced 
by the rod that the sheet is formed around during bend 
testing, Figure III.I. At the present time, although 
additional work is needed, it appears that different modes of 
failure are occurring simultaneously. As shown in Table IV .1, 
. when the coating experiences compressive loading, cracks 
formed at approximately two angles. The initial crack 
propagated at an approximate 45° angle, and the secondary 
crack formed at an approximate 60°-72° angle to the basal of 
the apparent delta phase. The initial 45° shear angle is 
tho~ght to develop due to the shearing involved during bending 
of the brittle coating. The seconda~y crack angle is between 
60 and 72° to the basal plane. For HCP crystals, cleavage 
occurs on the ('10l2) and (1011) planes (62) which are 
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Figure IV. 8: Schematic illustration of coating failure 
experiencing compressive stresses. 
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approximately at 60° and 75°, respectively, to the HCP crystal 
basal plane depending on the c/a ratio. In the final stage, 
coating failure, the crack propagated throughout the coating 
producing 'wedge' shaped particle~, Figur~ IV.B(d). 
In summarizing the above, it is shown that distinct 
cracking mechanisms occur for each type of stress condition. 
In the tensile condition, cracks are believed to propagate 
along the (0001} b~sal plane, but the coating remains adhered 
to the substra.te. For the compressive stress condition, 
initial cracks formed at 45° angles to the basal plane, which 
is probably due to shearing. These .cracks appear to initiate 
secondary cracks that propagate at 60° to 72° angles, which 
are related clbsely to secondary HCP slip or cleavage planes. 
As a result of the cracks propagating ?tt an angle to the 
coating/substrate interface, wedge particles separated from 
the coating. 
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Sample Initial Crack Secondary Crack 
Number Angle, A Angle, B 
1 400 550 
2 450 600 
3 450 590 
4 410 620 
5 430 100 
6 450 
-
7 410 550 
8 440 720 
9 450 570 
10 450 670 
Basal Plane 
Table· IV.1 Angle of crack propagation in lOT bend tests. 
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IV.2. Powdering Tests 
IV.2.1 Die Interaction 
Several bend tests were performed to evaluate the zinc-
iron alloyed coatings. Bend tests were chosen because 
bending is the most common type of deformation and it occurs 
in many sheet forming operations. Bending is quite simple 
compared to other .forming procedures such as drawing or 
stretching in which complex combinations -of stresses and 
strains are involved. An additional benefit of 60° and 90° 
bend tests is that die interaction was incorporated into the 
deformation of the coating, whereas in three and four point 
bending most of the sheet is not affected by the presence of 
the die. 
To assess the coating, bend tests were performed and 
tape measurements were recorded. The 60° bend test 
consisted of three different tip die diameters: 0.25 . in. , 
0.4 in~ and 0.5 in., and the bend methods were ~xplained in 
the procedures. Commerc.ially produced Ti-stabilized 
galvanneal was used for each test. The tape results are 
listed in Table IV.2. The 90° bend test was the most severe 
test .and subsequently yielded th.e highest powdering values. 
In the 0.25 in. diameter test the powdering values had the 
largest scatter range for the data, which is most likely due 
a result of the small diameter tip. The 0.4 in. and 0.5· in. 
diameter die tips show the least scatter in both the 
powdering data and tape correction factor data. 
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Test Compression(A)* Tension(A)* 
goo 0.70+ 0.73 0.55+ 0.13 
500, 0.25" dia. 0.44+ 0.11 0.42± 0.11 
500, 0.4" dia. 0.52± 0.05 0.42± 0.02 
600, 0.5" dia. 0.49+ 0.05 0.42± 0.06 
*Values indicate a 95°/o confidence. 
Table IV.2: Powdering evaluation of commercially produced Ti-stabilized galvanneal. ·Po"wdering is a measure of light absorbance. 
Test Compression (A)* Tension(A)* 
4 pt. 0.04+ 0.01 0.04+ 0.01 
3 pt. 0.01± 0.002 0.01+ 0.002 
*Values indicate a 95o/o confidence. 
Table IV.3: Powdering results for commercially produced Ti-stabilized galvanneal. Powdering is a measure of light absorbance. 
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The three and four point bend tests were performed and 
tape results are shown in Table IV.3. For the commercially 
produced galvanneal~ powdering values are not significant. 
Values of o.oi A. and 0.04 A are reported and suggest that 
coating decohesion is m.inimal when die interaction is not a 
test factor. 
To establish the effect of die interaction on 
powdering, more tests were run on commercially produced Ti-
stabilized and DQSK coated sheet using a lOT and 3 poirit 
bend test. In both tests, regions of both di~ interaction 
and free surfaces were present. A schematic illustrating 
the taped regions is shown in Figure IV.9 and tape test 
results a:re listed in Table IV.3. The following equation 
describes powdering from die compression interaction: 
%Po1E = [ Po1E/Pco] X 100 
where PozE, powdering from die interaction is the difference 
between P~, powdering due to compressive stresses and die 
interaction, and Pcf, powdering under compressive stresses 
and no die interaction. Table IV.3 shows that between 77 to 
85% of powdering is due to die compressive interaction 
independent of substrate and coating and processing 
parameters. Tho~gh the severity ·of the powdering values 
vary due to the different tests, about 80% of the powdering 
is due to die/sheet contact. 
Although these tests were run without lubrication, the 
reduction of powdering should be obtained with the use of a 
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proper lubricant. In addition, component design should take 
account for the stress condition during forming to reduce the 
powderirtg for a given die configuration. 
Figure IV.9: 
evaluation. 
Test 
f 
Cd Cf 
] 
Tf Td 
Cd- compression tape measurement with die interaction 
Td- tensile tape measurement with die interaction 
Cf- compression tape measurement of a free surface 
Tf- tensile tape measurement of a free surface 
Tape test schematic for die interaction 
3 pt. * (A) 10T* (A) 
Sample DQSK Ti DQSK Ti 
Ped 
Pct 
Po1E+ 
%Po1e 
0.26 0.65 0.41 
0.06 0.10 0.09 
0.20 0.55 0.32 
77 85 78· 
* Averag~d values from five measurements. 
+The difference between Ped and Pct. 
0.99 
0.22 
0.79 
80 
Table IV~4: R~sults of compressive die interaction for the 
three point and lOT bend tests. 
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2.2 Deformation of the Galvanneal Coating by Die 
Interaction 
In the 60° bend tests, where die interaction was a 
factor, the coating was found to be cracked and crushed 
after testing. Figure IV.10 1 iilustrates a coating cross-
section after a 60° bend t~st in the region of die 
interaction. This crushing was not caused during 
metallographic preparation. The samples were mounted and 2 
mm of material was ground away to eliminate any shearing 
.effects (see -Section II.I). Severe deformation occurred 
also for the 90° bend test or whenever die interaction was 
present .. The die/surface interaction produced additional 
strains which caused the coatings to crack and crush during 
testing. The coating cross-section (tensile stress 
condition) after a four point bend test is shown in Figure 
IV.11 where t~e only factor present to causes coating 
failure is strain. When die interaction was not present the 
coating only cracked on the tensile side by phase boundary 
separation and on the compr~ssion ~ide by particle flaking, 
however, coatings crushing was not apparent. 
From the above discussions on die interaction and 
coating crushing, a testing methodology for the Glesble 
generated· g~lvanneal samples .was selected to evaluate the 
effect of morphology on coating formability. To determine 
the effects of coating microstructure, galvanneal.ing time 
and temperature, substrate and· aluminum bath content on 
powdering characteristics. of the coating, a severe test 
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. 
. ·. 
Figure IV.10: Illustration of crushed coating after 60° 
bend test (Mag. 1500X). 
... 
t ,· 
" 10µm 
Figure IV.11: Coating after 4 point bent test (Mag. 1500X). 
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which involved die interaction that caused powdering was 
chosen. The 60° bend test with a 0.4 in. tip diameter 
showed the most consistent powdering results with the least 
scatter. The 90° bend test, though severe (largest 
powdering values), had the largest tape deformation and 
therefore the highest correction values. Furthermore, the 
test was not run at a constant strain. The 60° bend test 
with 0.5 in. tip diameter was not quite as severe as the 0.4 
in. tip diameter test and the tensile condition correction 
factor showed a slightly higher scattering value. In the 
0.25 in. tip diameter test, the standard deviation was the 
largest. T~ese factors lead to the conclusion that the 0.4 
in. tip diameter 60° bend test was the best test to evaluate 
powdering properties. 
To assess the coating formability, free of die 
interaction, the four point bend test was chosen. Unlike 
the three point bend test, the four point test maintains a 
constant strain throughout the sheet. In the three point 
bend test the strains vary with distance from the center die 
(s~e Figure III.7). The four point bend test also allows 
for a greater coating area that can be used for 
microstructural analysis. 
IV.3. Material Testing 
IV.3.1 Commercial Material 
Five different commercially produced galvanneal sheets 
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were tested in 60° bend tests to determining the powdering 
prop~rties of the different materials. Relevant sample 
properties are listed in Table IV.5. Three of the 
substrates evaluated were titanium stabilized steels and the 
other two were DQSK sheet. The galvanizing bath chemistry, 
and galvanizing bath and annealing furnace processing 
parameters are all unknown because the spe~imens were 
produced at different plants. It is assumed that the 
processing parameters were dependent upon the production 
site of each material. The coating iron content ranged 
between 9.8 and 13.3 wt.%Fe and the coating thicknesses were 
all approximately equivalent. 
Company Substrate Surface 
Roughness 
(µm)* 
A DQSK 30+3.9 
8 Ti 49.1+1.2 
C Ti 60+1 
D DQSK -
E Ti 94.3+10 
*Values indicate standard deviations. 
+ Values indicate 95°/oconfidence. 
Coating Iron Morph-
Thickness Content ology 
(um) (o/o)t Type 
6.8+.8 10.77+ 0.9 2 
7.0+1.7 9.8+ 0.8 2 
6.4+1.3 13.33+ 2.2 2 
7.0+1.2 10.8+ 0.44 2 
6.7+1 12.1 + 1.9 2 
Table IV.5: Commercial galvanneal coating characteristics. 
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The microstructure of each coating is found in Figure TV.12. 
Although all the samples were produced at different 
compa~ies, th~ microstructures are similar. Each sa~ples 
contains an apparent gamma l~yer (dark layer clos.est to 
substrate) (27). All the samples contain cracks, due to the 
galvannealing· process, and a distinct columnar delta layer, 
which is best defined in material E. Figure IV.13 
illustrate the surface morphologies. Though not contained 
in each photograph, all samples had flat surfaces (materials 
A and C) due to temper rolling. Surface A consisted of 
dispersed block-like (zeta) (13) particles and stick like 
(delta) particles. Materials Band C· consisted of mostly 
block-like particles on the surface, while materials D and E 
contained mostly the stick~like particles on the surface. 
The block-like particles have been. referred to as zeta while 
the stick-like particles were labeled delta (13). 
In all cases, the morpholbgies are similar even though 
substrate chemistries were different. Each coating contains 
cracks on the surfac~, in ·the as-received state, Figure 
IV.13 (arrows). Th~ cracks indicate that the coating is 
inherently brittle. The tape values, determined by light 
absorption, all fall within the same range, and are plotted 
versus Fe content in Figure IV.14 and Figure IV.15· for 
compression and tension during the 60° bend test, 
respectively. The data show that over the range of iron 
content of 9.8-13.3 wt.%, the powdering properties are the 
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Commercial galvanneal cross-sections (Mag 1500X). 
Figure IV.13: Commercial galvanneal surfaces. (Mag 1500X). 
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Figure IV.14: Commercial galvanneal. Powdering results 
after 60° bend testing for the compressive stress/strain 
state. Error bars indicate a 95% confidence. 
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Figure.IV.15: Commercial galvanneal. Powdering results 
after 60° .bend testing for the tensile stress/strain state. 
Error bar$ indicate a 95% confidence. 
91 
same. Thus, these results indicate that hot-dip galvannealing 
parameters, iron content, and the substrate material do not 
have a primary effect on the powdering characteristics of the 
coating. Because the powdering results are all simi_lar, the 
microstructure must have a critical relationship with 
powdering properties, since the. microstructure was almost 
identical for all the materials tested. To assess the 
morphological aspects of the coating, and . . processing 
pa~ameters such as galvannealing time, temperature and 
aluminum bath content, additional 60° bend tests were 
performed on Gleeble generated samples. 
IV.3.2 Gleeble Generated Material 
IV.3.2.1 60· 0 Bend Tests 
For the l~boratory gen.erated galvanneal coatings, five 
different substrates and two bath aluminum levels were 
investigated, Table IV. 6. Three different coating 
morphologies were. selected to be tested for each substrate-
and aluminum level. These morphologies include~: Type o, a 
coating str~cture which contains the eta phase on the 
surface; Type 1, a fully alloyed- mixed microstructure 
coating with a m_inimum gamma layer at the coating/substrate 
interface_; and Type 2, an alloy layer which consists mainly 
of the delta phase, a large gamma phase at the 
substrate/coating interface, possibly some zeta phase on the 
surface and cracks perpendicular· to the interface (29). A 
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listing of the temperature and time parameters used to 
produce these coating morphologies are illustrated in Table 
IV.7. Figure IV.16 shows an example of Type o, i and 2 
morphologies for each substrate and aluminum bath leveli and 
the corresponding surface morphologies are shown in FigVre 
IV.17. These Gleeble generated coating morphologies were 
consistently reproducible. The Type 1 morphology contains a 
minimum gamma layer, no cracks and a mixed surface. phase 
region. Type 2 morphology is similar to commercial 
galvanneal in surface and cross-section and contains a 
distinct gamma layer, a thick delta r~gion, and cracks 
perpendicular t.o the coating/substrate interface. 
After 60° ·bend testing, the tape was analyzed through 
spectrophotometry, a~ described in Section III.5. The 
results of powdering after compressive stresses versus 
morphology for the 0.15 wt.%Al bath are illustrate in Figure 
IV.18. The Type O readings are the lowest (the least amount 
of light absorbed through the tape and powder), followed in 
increasing order of powdering by Type 1 and Type 2. The 
most scattered· powdering measurements between substrates is 
seen with the Type 2 morphology data. This scatter occurs 
due to the increased brittlenes~ of the coating and possibly 
the development of what is believed to be the onset of gamma 
phase growth. In the tensile case for the 0.15wt.%Al bath 
content coatings, Figure IV.19, all three morphologies are 
comparablfa except for the Type 2 DQSK preannealed and DQSK 
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listing of the temperature and time parameters used to 
produce these coating morphologies are illustrated in Table 
IV.7. Figure IV.16 shows an example of Type O, 1 and 2 
morphologies for each substrate and aluminum bath level, and 
the corresponding surface morphologies are shown in Figure 
IV.17. These Gleeble generated coating morphologies were 
consistently reproducible. The Type 1 morphology contains a 
minimum gamma layer, no cracks and a mixed surface phase 
region. Type 2 morphology is similar to commercial 
galvanneal in surface and crbss-section and contains a 
distinct gamma layer, a thick delta region, and cracks 
perpendicular to the coating/substrate interface. 
After 60° bend testing, the tape was analyzed through 
spectrophotometry, as described in Section. III.5. The 
results of powdering after compressive sttesses versus 
m.orphology for the O. 15· wt. %Al bath are illustrate in Figure 
IV.18. The Type O readirtgs ~re the lowest (the least amount 
of light absorbed through the tape and powder), followed in 
increasing order of powdering by Type 1 and Type 2. The 
most scattered powdering measurements between substrates is 
seen with the Type 2 morphology data. This scatter occurs 
due to the increased brittleness of ~he coating and pos~ibly 
the development of what is. believed to be the onset of gamma 
phase growth. In the tensile case for the 0.15wt.%Al bath 
content coatings, Figure IV.19J all three morphologies are 
comparable except for the Type 2 DQSK preannealed and DQSK 
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0.1 Owt. %Al. 0.15wt 0/oAI. 
Substrate temp. time temp. time 
ULC 
type O 450 5 450 5 
type 1 500 8 500 10 
type 2 550 60 550 60 
DQSK 
(PA) 
type O 450 5 450 5 
type 1 550 5 550 15 
type 2 550 60 550 60 
DQSK 
type O 450 1 500 1 
type 1 450 7 550 15 
type 2 500 60 550 60 
Ti 
type O 450 1 450 1 
type 1 500 5 550 10 
type 2 500 60 550 60 
p 
type 0 450 1 500 5 
type 1 500 10 550 10 
type 2 500 60 550 60 
Table IV.7: Gleeble time and temperature parameters for 
different coating morphologies. 
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Figure IV.16: Example cross-sections of Type o, Type 1 and 
Type 2 morphologies for the ULC substrate. 
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Figure IV.16 cont.: Example cross-sections of Type O, Type 
1 and Type 2 morphologies for the DQSK preannealed 
substrate. 
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Figure IV.16 cont.: Example cross-sections of Type o, Type 
1 and Type 2 morphologies for the DQSK substrate. 
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Figure IV.16 cont.: Example cross-sections of Type o, Type 
1 and Type 2 morphologies for the Ti-stabalized substrate. 
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Figure IV.16 cont.: Example cross-sections of Type o, Type 
1 and Type 2 morphologies for the rephosphorized substrate. 
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Figure IV .19: Morphology Type versus powdering for the 
tensile stress/strain state. Aluminum content in the zinc 
bath is 0.15.wt%. 
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bath is o.10.wt%. 
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~amples, which had readings of approximately ·0.6 A. For 
the 0.10 wt~%Al coatings, Figure IV.20, a distinction exists 
between Type o, Type 1 and Type 2. on the compression side. 
As in the case of the high Al coating, powdering increases 
from Type Oto Type 2. With the exception of the DQSK 
preannealed substrate, all substrate performance is 
comparable. On the tensile side, Figure IV .. 21, no 
distinction exists between the different morphologies or the 
substrates. 
Comparing the bath aluminum levels against powdering 
and keeping the stress condition constant (i.e. compression 
versus tension), Figure IV.18 and IV.20, the results reveal 
that aluminum bath level does not affect th~ powdering 
values because the data overlap. The powdering values are 
also comparable for the tension side condition, Figure IV.19 
and IV.21, again showing that aluminum bath content does not 
effect powdering. 
Coating iron content contributes to the powdering 
properties. Figure IV.22 illustrates that as iron content 
in the coating increases powdering increases, however, 
content me~ely reflects the amount of high brittle 
intermetallics in the coating. 
. iron 
Comparing the five diff~rent substrates in tension the 
substrates have comparable powdering properties, even though 
the morphology changes from Type o through Type 2. 
similarly, in compression, there does not seem to be an 
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Coating iron content contributes to the powdering 
properties. Figure IV.22 illustrates that as iron content 
in the coating increases powdering increases, however, 
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the morphology changes from Type o through Type 2·. 
Similarly, in compression, there does ·not seem to be an 
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\ effect of substrate chemistry. However, if a distinction 
can be made, the DQSK substrates preformed the worst. In 
Figure IV.18, the Type 2 DQSK morphology had the highest 
light absorption values, and in Figure IV.20, the DQSK 
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Figure IV.22 Effect of coating iron content on powdering, after compressive stresses during the 60° bend test. 
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preannealed had consistently higher powd~ring index for both 
the Type 1 and Type 2 morphologies. Nevertheless, in 
general coating substrate composition shows no distinct 
effect on powdering properties. 
Comparing the different stress conditions, Figure IV.18 
with Figure IV.19, and Figure IV.20 with IV.21, it can be 
seen that compressive stresses are more detrimental to 
coating adhesion than tensile stresses as was shown 
previously in the simple lOT bend test~ Greater powdering 
occurs under compres~ive loads beca~se of the cracking 
mechanism, see Section IV.1. 
Summarizing the above, the results indicate that: i) 
the aluminum bath level does not affect coating formability, 
ii) an increase in coating iron content detrimentally 
affects powdering resistance, iii) substrate chemistry does 
not generally affect coating properties, iv) the coating 
performance is better in tension than in compression, v) 
time and temperature of annealing is important in producing 
a partlcular morphology. Thus, the ~ost significant 
differences in coating performance can be accounted for by 
coating morphology. The processing variables ~uch as 
substrate chemistry, bath aluminum content, galvannealing 
time and temperature affect coating morphology and 
subsequently· defines the coating performance. Coating 
morphology controls iron content in that higher coating iron 
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content can be directly related to the higher iron 
~ntermetallic phases present in the coating. 
Figure IV.23 compares the morphological type 
transitions for a titanium stabilized O.lO wt%Al zinc coated 
material to the coating iron content and the coating 
powdering measurements. In the t~ansition from Type 1 to 
Type 2, a corresponding transition in light absorption data 
is seen from the 0.2 A to the 0.5 A. A distinction in iron 
content is also evident along this morphological transition 
curve with Type 1 morphologies containing between 9-11 
wt.%Fe and Type 2 morphologies containing 11.8-16 wt.%Fe. 
The morpholbgy transition from Type Oto Type 1 can only be 
distinguished by a change in iron coating content. Light 
absorption showed no difference over the transition range of 
Type Oto Type 1. 
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Figure IV.23: Morphological Type Transition 
stabilized 0.10wt.%Al. in the zinc bath. 
for Ti-
1.10. 
X-ray analysis was conducted on tape samples from 60° 
bend tests for commercial and Gleebl~ generated Ti-
stabilized and DQSK galvanneal. Figure IV.24 and Figure 
IV.25 illustrate the x-ray spect~a for co~pressiVe and 
tensile stress conditions, respectively for the Gleeble 
generated DQSK substrate. Figure IV.24 illustrates that the 
tape has more. particles in compression than in tension, 
Figure IV.25, (This pick up can be seen by comparing the 
absorption values in Figures IV.18 and IV.19) as seen by the 
28 values about 43° and 74° (note the y-axis). These angles 
can correspond to the zeta, delta, and gamma phases or a 
combination of any of the four (24). In ·tension these peaks 
are not seen. The data confirms that in compression, wedge 
shaped particles the thickness of the c·oating, separated 
from the substrate and adhered to the tape, while in tension 
the coating cracked, but mostly remains adhered to the 
substrate. 
The commercial galvanneal, c1assified as a Type 2 
morphology, also displayed a similar x-ray spectra for 
compression, as s·een by two peaks at a 28 of around 43 °, 
Figrtre IV.26. These results, however, were only seen for 
the Type 2 morphology. In ·comparing Type o morphology to 
Type 1 morphology, after compression, Figures IV.27 and 28, 
respectively, the spectra are similar. No peaks are shown at 
43° or 74°, as seen for the Type 2 morphology. The 
powdering during compression may be also due to coating iron 
111 
content. In the Type 2 coating iron content is 16.14 wt.%· 
while for Type O and Type 1 it ·is 2.27 wt.% and 9.82 wt.%, 
respectively. The coating becomes increasingly more brittle 
and more powdering occurs as iron content increases and 
morphology changes from Type Oto Type 2. By comparing the 
Type o and Type 1, it is evident that even though a change 
in the iron content occurs, the x-ray of tape pick-up is 
comparable. Thus, iron content is related to morphology in 
that increased higher iron containing intermeta1lics, i.e. 
delta and gamma phases, cause increases in the iron content 
of the coating. 
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Figure IV. 24 X-ray· spectra of Type 2 morphology after 
compression. The material is DQSK ~roduced with 0.15 %Al in 
the zinc bath. 
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Figure IV. 25 X-ray spectra .of Type 2 morphology after 
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IV.3~3 Four Point Bend Tests 
Four point bend tests were conducted on two Gleeble 
generated and two commercial galvanneal substrates in order to 
determine the effect of morphology independent of die 
interaction. These materials included Gleeble generated DQSK 
(0.15 wt.%Al) and Ti-stabilized (0.15 wt.%Al), along with 
commercial DQSK and Ti-stabilized. Samples were taped and 
testing was completed at the onset of substrate plastic 
deformation as determined in the experimental section. The 
light absorption measuremen~s are complied in Table IV.8, and 
as expected, indicate that insignificant a~ounts of powdering 
occurred during testing for all samples. Image analysis of 
the percent area ·cracked or powdered coating for all the 
substrates tested a~e shown in Figures IV.29 and IV.JO. The 
image analysis measurement is more sensitive since it 
determines the amount of cracking whereas the light 
absorption relies on the particles being pulled away ·from the 
coating. The coatings subjected to compressive stresses, 
Figure VI.29, indicate that the percent area of cracked or 
powdered coating increases with th~ morphology transitions 
from Type o to Type 1 to Type 2. Similar results are seen for 
the tensile case, Figure IV.JO. In the case of commercial 
coatings which are classified as Type 2 morphology, 
performance was comparable to the Gleeble generated Type 2 
morphologies for each stress condition. 
Image analysis results for 60° bend tests on the above 
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mentioned materials are shown in Figures IV.31 and IV.32. The 
s_ame trend was observed; the percent. area of powdered or 
cracked coating incteased with the morphology transition, from 
Type Oto Type 1 to Type 2. 
In comparing the four point and 60° bend test data, the 
following was found: i) the Type 1 morphology performed 
comparable for both bend tests and in both stres~ conditions, 
ii) the Type 2 morphology had consistently greater powdering 
for both tensile and compressive conditions in the 60° bend 
test, due to die interaction, iii) commercial galvanneal 
performance was comparable to the Gleeble Type 2 morphologies, 
iv) independent of the bend test used, the Type 1 morphology 
performed better than the Type 2 morphology. 
Table IV.8: 
testing. 
Test 4 pt.* 
Comp. (A) Tens. (A) 
DQSK (0.16wt. 0/oAI) 
Type 0 0.06 0.06 
Type 1 0.07 0.12 
Type 2 0.10 0.09 
Ti (0.16wt. 0/oAI) 
Type 0 0.08 0.02 
Type 1 0.09 0.08 
Type 2 0.13 0.12 
DQSK (Comm.) 0.07 0.09 
Ti (Comm.) 0.04 0.12 
Ti (Comm.) 0.06 0.07 
* Averaged Values from 3 measurements. 
Powdering measurements ·after four poi_nt bend 
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V. CONCLUSIONS 
The following conclusions can be made from this study on 
formability of hot-dip galvanneal coatings: 
1. For commercial material with a Type 2 morphology, cracks 
initiate at inhomogeneities or stress concentrations in the 
coating. Some cracks initiate at the substrate/coating 
interface where inhomogeneities exist, while others initiate 
on the surface of the cbating ,. where stress concentrations are 
the greatest. 
2. The cracking mechanism differs for a sheet experiencing 
compressive and tensile conditions during bending. For a 
coating experiencing tensile stresses during bending, cracks 
propagated throughout the co~ting perpendicular to the 
substrate. Although extensive cracking occurred, the coating 
remained bonde~ to the substrate. During the application of 
coinpressive stresses in bending, cracks propag.ated at specific 
angles in the coating and as a result, coating particles fell 
away from the coating/substrate. This stress state produced 
powdering of the coating and resulted in particles knbwn as 
flakes. The flakes eventually separated from the coating and 
as a result, powdering was more severe on. the compressive 
sheet side than the tension side. 
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3 .• A 1 ight absorption technique was developed to assess the 
coating powdering characteristics after testing. Prior to 
testing the coating is taped and after the test completion the 
tap~ is peeled-off and put on a glass slide. The afuount of 
powder is characterized by a spectrophotometer in which light 
tran~mitted through the tape and coatjng particles 
measured. 
. 
lS 
4. Approximately 80% of powdering in galvannea~ed coatings is 
due to die interaction. In three and four point bend testing, 
where die interaction is not a factor,. powdering is minimal. 
5. Five commercially produced galvannealed sheets of 
different substrate materials and a range of coating 
contents preformed similarly during powdering tests in 
tension and compression after 60° bend testing. 
. iron 
both 
6. Type 1 morphology, a fully alloyed mixed microstructure 
coating, with a minimum gamma phase region performs better in 
all powdering tests than the Type 2 morphology, a fully 
alloyed coating with a distinct gamma layer, large delta 
region and perpendicular cracks. For the titanium stabilized 
substrate produced from a 0.10 wt.%Al zinc bath, the 
transition from Type 1 to Type 2 morphology can be 
distinguished at approximately llwt. %Fe in the coating, and at 
about 0.50 absorb~nce in the powdering measurements. 
121 
7. Image aDalysis of the percent area cracked or powdered 
coatings confirmed that: a) the Type 1 morphology performed 
better than Type 2 morphology in compressive and tensile 
conditions for bbth fbur point and 60° bend testing, b) . in 
both the 60 ° and four point bend tests Type 1 morphology 
performance is comparable in tension ·and compression c) the 
Type 2 morphology in the 60° bend results, are consistently 
higher than the four point bend test due to the die 
interaction that occurred in the 60 ° bend test, d) the 
commercially galvanneal performance for both tests and stress 
conditions was comparable to the Gleeble generated Type 2 
morphology. 
8. X-ray analysis confirmed that the Type 2 coatings showed 
more powdering than th~ Type -0 and Type 
compression. 
1 coatings . in 
9. After testing Type o, Type 1 and Type 2 morphology for 
five substrates and two aluminum bath levels the results 
indicate that powdering is only related to morphology. 
Processing variables control the kinetics and define the 
morphology, however, it • .1S morphology that dictates the 
powdering characteristics. 
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